Moreover, the smoke-bubbled phosphate-buffered saline in aqueous solutions: (i) sustained c-fos expression was (PBS)-exposed 3T3 cells showed a sustained expression of obtained for smoke-bubbled PBS, peroxynitrite itself and c-fos which was found to be based mainly on a stabilization a compound known to stoichiometrically release superoxide of c-fos transcripts (9). These and other observed effects and nitric oxide (NO) (3-morpholino-sydnonimine, SIN-1); associated with exposure to smoke-bubbled PBS such as cell (ii) c-fos expression in cells exposed to aqueous smoke cycle arrest and inhibition of protein phosphatases 1 and 2A fractions was inhibited by either the superoxide-scavenging (PP1/2A) (9) resemble the effects described for okadaic acid, enzyme superoxide dismutase (SOD), in combination with a specific inhibitor of PP1/2A (10). It seems improbable, catalase, or the NO-scavenger oxyhaemoglobin (HbO 2 );
In the present paper, we describe that selective scavenging of both NO or superoxide from smoke-bubbled culture medium resulted in complete inhibition of CS-dependent c-fos expression leading to the conclusion that peroxynitrite is an oxidative stress-inducing agent of CS-containing aqueous solutions. This interpretation is supported by the finding that 3-morpholino-sydnonimine (SIN-1), a peroxynitriteproducing compound (21), as well as peroxynitrite itself resulted in cellular effects similar to those seen for smoke-bubbled PBS.
Materials and methods

Chemicals
All chemicals, radiochemicals and enzymes were obtained at the highest purity available from Sigma Chemical Co. (Deisenhofen, Germany), Amersham (Braunschweig, Germany) and Boehringer Mannheim (Mannheim, Germany), respectively. SIN-1 was the generous gift of Dr R.Henning (Cassella AG). Generation and dilution of smoke-bubbled PBS and subsequent cell exposure Fig. 1 . Kinetics of c-fos proto-oncogene expression in quiescent cells was performed as described (8, 9) . Whole mainstream smoke-bubbled Dulexposed to smoke-bubbled PBS, SIN-1, peroxynitrite or high serum becco's modified Eagle medium (smoke-bubbled DMEM) and gas phase concentrations. Quiescent (0.5% FCS, 48 h) 3T3 fibroblasts (~4ϫ10 6 per smoke-bubbled DMEM were prepared by bubbling the sixth puff of the sample) were treated as indicated for 0, 0.5, 1, 2 and 4 h under optimal University of Kentucky standard reference cigarette 2R1 through 20 ml serumconditions and subsequently lysed for RNA harvest. Preparation of total free DMEM (GIBCO/BRL, Eggenstein, Germany) in the absence or presence RNA, electrophoresis and Northern blotting were performed as described in of a Cambridge filter, respectively. Exposure of cells was started immediately Materials and methods. sb PBS, smoke-bubbled PBS. thereafter (except for the ageing experiment).
Oxyhaemoglobin (HbO 2 ) was prepared by adding sodium dithionite to a 0.3 mM solution of commercially obtained haemoglobin most of which was phosphate dehydrogenase (GAPDH) gene was performed in order to monitor methaemoglobin (Hb met ). Excess sodium dithionite was removed by Sephadex equal RNA loading. G 25 column chromatography. HbO 2 was checked for identity by spectral cGMP assay photometry (24).
Since 3T3 fibroblasts, routinely used during these investigations, do not Synthesis of peroxynitrite express detectable nitric oxide (NO)-inducible guanylate cyclase activity, rat Peroxynitrite was prepared as described (19) with modifications: equal volumes lung (RFL-6) cells were used for monitoring cGMP synthesis following of ice-cold solutions of (A) NaNO 2 
exposure to smoke-bubbled DMEM or gas phase-bubbled DMEM. Approxiand (C) NaOH (1.5 M) were injected by motor-driven syringes (15 ml of mately 2.5ϫ10 7 cells/sample were exposed for 10 min to 0.05 puffs/ml smokeeach at a rate of 35 ml/min) into a quenched-flow reactor (25). Solutions A bubbled DMEM generated in the presence or absence of SOD/catalase and B were continuously mixed in the mixing chamber (25ϫ3 mm diameter) (100ϫ100 U/ml) or 0.05 puffs/ml gas phase-bubbled DMEM and quantitatively of the quenched-flow reactor for 0.152 s before the reaction was stopped by analysed for cGMP content using a cGMP 125 I-radioimmunoassay system continuously adding solution C. The reaction mixture was collected at -20°C.
(Amersham, Braunschweig, Germany). Cells exposed for 10 min to 100 µM In order to remove excess H 2 O 2 , the solution was dried by lyophilization and S-nitroso-N-acetyl-penicillamine (SNAP) (Biomol, Hamburg, Germany) were reconstituted with H 2 O. The concentration of peroxynitrite determined in the used as positive control. reconstituted mixture by its absorption at 302 nm (ε 302 ϭ 1670 M -1 cm -1 )
Determination of total cellular glutathione (GSH) (26) was usually about 120 mM. The peroxynitrite solution was stored in Determination of GSH in smoke-bubbled PBS-treated cells (2 h) was performed aliquots at below -80°C until use. Storage was not longer than 1 week.
as described (29) by quantifying the formation of thionitrobenzoic acid from Cell culture and treatment free GSH and glutathione disulphide (GSSG) in the presence of 5,5-dithiobis-2-nitrobenzoic acid and GSSG reductase. Swiss albino 3T3 mouse fibroblast cells (ATCC CCL 92) and the rat lung cell line RFL-6 (ATCC CCL 192) were cultured in 15-cm tissue culture dishes (Greiner, Solingen, Germany) both with 20 ml of DMEM supplemented with
Results
4% sodium hydrogen carbonate, L-glutamine, streptomycin, penicillin and 10 or 15% fetal calf serum (FCS, GIBCO/BRL). In order to test the hypothesis that peroxynitrite is an oxidative immediately thereafter exposed for the indicated times and concentrations to stress-inducing principle in aqueous CS fractions, we investismoke-bubbled PBS, smoke-bubbled DMEM, or reference substances, i.e. peroxynitrite and SIN-1. The inhibitory effects of HbO 2 and superoxide gated the ability of SIN-1, a compound that generates peroxydismutase (SOD)/catalase (100 U/mlϫ100 U/ml) on the smoke-bubbled nitrite from concomitantly released superoxide and NO (21), DMEM-dependent c-fos expression were investigated by adding the inhibitors and peroxynitrite itself to induce c-fos in quiescent 3T3
Smoke-bubbled PBS, SIN-1 and peroxynitrite induce sustained
to the medium at the indicated concentrations prior to CS-bubbling. Inactivation fibroblasts. C-fos expression has recently been reported to of enzymes was achieved by heat treatment (100°C, 10 min).
To evaluate the effects of aged smoke-bubbled PBS, aliquots of a test become induced by CS trapped in aqueous solutions (9) .
solution were stored at room temperature in the dark-CS still remaining in
As shown in Figure 1 , smoke-bubbled PBS at a dose of the free space of the aliquot bottles-and used at the times indicated. Doses 0.03 puffs/ml, SIN-1 (3 mM) and peroxynitrite itself (0. was prepared in the presence of the indicated concentrations of HbO 2 or to either to smoke-bubbled DMEM (1 puff/20 ml) or SIN-1 (3 mM). Cells 0.5 mM peroxynitrite in the presence and absence of HbO 2 . C-fos were exposed for 2 h in the presence or absence of SOD/catalase expression was analysed by standard methods. Sb DMEM, smoke-bubbled (100ϫ100 U/ml) and analysed for c-fos expression as described in Figure 1 .
DMEM. Incubations in the presence of heat-inactivated SOD/catalase (100°C, 10 min) were run as negative controls. Sb DMEM, smoke-bubbled DMEM.
Selective scavenging of NO also resulted in a strong addition, the presence of hydrogen peroxide in smoke-bubbled inhibition of the CS-dependent c-fos induction measured in PBS (30) and in trace amounts in reconstituted peroxynitrite these studies. As shown in Figure 3 , micromolar amounts of preparations (see under Materials and methods) may account HbO 2 concentration-dependently suppressed c-fos expression for the appearance of rather strong hybridization signals in smoke-bubbled DMEM-treated cells, whereas no inhibitory at 0.5 and 1 h of exposure to smoke-bubbled PBS and effect was observed with Hb met or HbO 2 in the presence of peroxynitrite (see Figure 1 ). This interpretation is supported 0.5 mM peroxynitrite (see Figure 3) . Hence, these results by the observation that c-fos expression kinetics were very provide strong evidence that induction of c-fos by aqueous weak at the initial time points, similar to those of SIN-1, when fractions of CS depends on precursors of peroxynitrite the 3T3 cells were exposed to smoke-bubbled PBS in the formation. presence of o-phenanthroline (31) , which prevents the formation of c-fos-inducing hydroxyl radicals (32) from hydrogen
Smoke-bubbled DMEM in the presence, but not in the absence peroxide via the Fenton reaction (data not shown). Nevertheof SOD, as well as gas phase-bubbled DMEM are efficient less, the kinetics of c-fos expression observed for smokeinducers of guanylate cyclase in rat lung cells bubbled PBS, SIN-1 and peroxynitrite itself are considerably Evidence for the formation of peroxynitrite from its precursors different from those induced by high FCS stimulation, for NO and superoxide in CS was also obtained using the which a rapid transient response is triggered within the first ability of NO to activate guanylate cyclase in cells of certain hour of treatment (see Figure 1) . These results indicate that tissues (33) . c-fos expression is regulated differently in cells treated with As shown in Figure 4 , whole smoke (i.e. CS containing either smoke-bubbled PBS, SIN-1, or peroxynitrite compared gas phase and particulates)-bubbled DMEM prepared in the to cells stimulated by high serum concentrations.
presence of SOD/catalase induced a Ͼ5-fold increase in SOD/catalase and HbO 2 are efficient inhibitors of CSguanylate cyclase activity in rat lung (RFL-6) cells compared dependent c-fos expression to controls, but only a marginal increase in cGMP levels was observed in the absence of SOD/catalase. In addition, filtered In view of the similarities between c-fos expression induced CS, generated by trapping~99 % of the total particulate matter by aqueous smoke fractions on the one hand, and that induced on a Cambridge filter prior to bubbling, also resulted in a Ͼ2-by SIN-1 and peroxynitrite on the other, we investigated fold induction of cGMP synthesis in these cells (see Figure  whether peroxynitrite is formed in CS-containing aqueous 4). These data indicate on the one hand that by preventing the solutions as described in equation 1. For this purpose, specific formation of superoxide radicals in CS-bubbled solutions scavengers of the peroxynitrite precursors superoxide and NO, either enzymatically or by filtering out superoxide-generating i.e. SOD and HbO 2 (15) , were added to the culture medium particulate matter, the remaining concentration of NO is prior to smoke-bubbling.
sufficient to induce a considerable increase in guanylate cyclase Using SOD/catalase at concentrations similar to those activity. On the other hand, this shows that CS in aqueous reported to suppress neurotoxicity following exposure to solution results in the formation of a reactive species-most SIN-1 (18), c-fos expression was not observed in smokeprobably superoxide radicals-which rapidly removes free bubbled DMEM-treated cells (see Figure 2) . As expected, dissolved NO. Since the particulate fraction of CS includes SIN-1-dependent c-fos expression was similarly inhibited by semiquinones and polyphenols such as catechol SOD/catalase (see Figure 2) . Although not mandatory, (12, 14, 30, 34, 35) , which generate superoxide in aqueous solucatalase was added to the incubations in order to prevent tions (30) , it is conceivable that peroxynitrite is formed in additional oxidative stress by hydroxyl radical formation from hydrogen peroxide produced by SOD activity. aqueous whole smoke-bubbled solutions.
Fig. 4.
Guanylate cyclase becomes activated in rat lung fibroblasts exposed to whole smoke-bubbled DMEM (sb PBS) in the presence of SOD/catalase or to gas phase-bubbled DMEM (gpbDMEM). RFL-6 cells (~2.5ϫ10 7 per sample) were exposed to smoke-bubbled DMEM (1 puff/20 ml) for 10 min in the presence or absence of SOD/catalase (100ϫ100 U/ml) or to gas phase-bubbled DMEM. Determination of cellular cGMP concentrations was performed as described in Materials and methods. Incubations in the presence of heat-inactivated SOD/catalase or the NO-releasing compound SNAP were run as controls.
accordance with the suggestion of Pryor and Stone (36) that reactive species including peroxynitrite may exist in a steady state in the gas phase of CS, the kinetics of peroxynitrite and its precursors in smoke-bubbled PBS requires further investigation.
Smoke-bubbled PBS exposure leads to a pronounced loss of cellular GSH
It has been shown that CS exposure leads to GSH depletion in vitro (8) and in vivo (37) . Using the present exposure system, a concentration-dependent decrease of GSH (reduced plus oxidized) was observed (see Figure 6 ), a loss of 50% being observed at a concentration of~0.015 puffs/ml. Similar effects were induced by peroxynitrite and SIN-1 at concentrations of 1 and 2 mM, respectively (see Figure 6 ). The depletion of GSH seen in our experiments at the peroxy- experiments is 380 µg/cigarette leading to a calculated initial peak concentration of peroxynitrite in the cellular exposure Loss of c-fos-inducing activity in aged smoke-bubbled PBS system of 15 µM, i.e. two orders of magnitude less than the We evaluated the kinetics of the c-fos-inducing activity of CScorresponding peroxynitrite/SIN-1 concentrations. Since there bubbled solutions by using 0.045 puffs/ml smoke-bubbled PBS are other potent GSH-depleting constituents in CS, e.g. aldeof different ages in standard c-fos expression experiments. As hydes (39), the GSH-depleting activity of smoke-bubbled CS shown in Figure 5 , the c-fos-inducing activity of smokecannot be attributed to peroxynitrite formation from NO. bubbled PBS, stored under a CS-saturated atmosphere, declines However, decreased intracellular thiol levels appear to favour with a half-life of almost 1 h. the efficient oxidation-dependent activation of a redox-sensitive These kinetics are not compatible with the known instability component in the signalling pathway which modulates the of peroxynitrite in aqueous solutions of neutral pH, the halfexpression of c-fos (40) . This may also explain why, in life being~1 s (15) . However, the peroxynitrite precursors comparison to smoke-bubbled PBS, rather high concentrations superoxide and NO may exist for a prolonged time under the of SIN-1 and peroxynitrite are required for a detectable c-fos conditions of this experiment. It has been described that response. aqueous extracts of CS produce reduced oxygen species for several hours (30) . In addition, the NO concentration detected Discussion in this particular system correlated with the time-dependent decrease in the c-fos induction (H.Völkel, H.-J.Haussmann and Cigarette smoking is known to be a risk factor in cancer development (41,42). However, the underlying mechanisms, T.Müller, unpublished data) and may be caused by an interaction between the smoke-bubbled PBS-aliquot and the CS in particular the contribution of water soluble smoke constituents have not yet been completely identified. Aqueous CS still remaining in the aliquot bottles. Although this is in peroxynitroso compounds might in fact be formed in aqueous extracts of CS. Selective scavenging of either superoxide by SOD or NO or HbO 2 resulted in the nearly complete inhibition of c-fos expression in quiescent 3T3 cells (see Figures 2 and  3) . Moreover, the induction of sustained c-fos expression (see Figure 1 ) by smoke-bubbled PBS, peroxynitrite itself and SIN-1, which stoichiometrically releases superoxide and NO, corroborates the assumption that peroxynitrite is a stress geneinducing compound formed by CS.
The activation of guanylate cyclase in cultured rat lung cells by solutions bubbled with filtered CS or whole smoke in the presence but not in the absence of SOD/catalase (see Figure  4) indicates the presence of a rapid NO-consuming reaction in aqueous solutions bubbled with whole smoke, which is in accordance with the almost diffusion-limited formation of peroxynitrite from superoxide and NO (k~7ϫ10 9 M -1 s -1 ) (50). This consideration is supported by recent data (51) showing that CS from filter, but not from filterless, cigarettes caused pulmonary vasodilation in vivo. The authors of this study (51) attribute the vasodilatory effect of filtered CS to the presence of NO and the attenuation of this effect by unfiltered smoke to higher amounts of particulate phase (51) which contains semiquinones and polyphenols such as catechol (12, 14, 30, 34, 35) .
The time-dependent loss of the c-fos-inducing activity of smoke-bubbled PBS (see Figure 5 ) is consistent with a steadystate mechanism of peroxynitrite formation and decomposition in aqueous extracts of CS as recently suggested for the gas of protein synthesis do not trigger the CS-induced c-fos signal (9) . However, the question about the mechanism behind the peroxynitrite-induced c-fos expression still remains to be fractions induce at least two distinct types of biological effects. The first type, mainly involved in CS-dependent DNA strand answered. We consider this effect to be related to the strong sulfhydryl reactivity of CS (45-48) (see Figure 6 ). Although break formation, is clearly attributable to hydroxyl radicals produced by a Fenton-type like reaction (8, (12) (13) (14) . The second depletion of intracellular thiol levels is not sufficient by itself to induce c-fos (40) , it may, nevertheless, render a redoxtype, unrelated to the Fenton reaction, has not been characterized to date, but appears to be mainly involved in altering sensitive component of the c-fos response pathway prone to activation by oxidation. This interpretation is supported by the the gene expression pattern of smoke-bubbled PBS-treated cells, e.g. haem oxygenase (8) and c-fos (9) , which most observation that addition of cysteine and N-acetyl-cysteine inhibits the smoke-bubbled PBS-dependent stress response ((8) probably is part of a general defence reaction (7, 43, 44) . Also, it was not clear whether the latter effects were induced by a and data not shown). In addition, studies evaluating the c-fos and c-jun-inducing activity of crocidolite asbestos (40) show single compound or by the interaction of different substances (9) . Nonetheless, it seemed likely that a strong sulfhydryl that the expression of these immediate early genes is significantly increased in cells pretreated with buthionine sulfoximine, reactivity was associated with the second type of activity since (i) a pronounced decrease in cellular GSH was observed which a GSH-depleting agent which itself does not trigger the c-fos response, whereas addition of N-acetyl-cysteine ameliorates was not prevented by inhibitors of the Fenton reaction, such as o-phenanthroline or catalase (8) and (ii) the addition of c-fos/c-jun expression induced by asbestos. Moreover, depletion of intracellular GSH may also increase the accessibility cysteine efficiently inhibited CS-dependent haem oxygenase expression (8) . Although it has been known for some time of enzymes involved in cell cycle regulation, such as PP1/2A to oxidation. Thus, the similarity of the effects observed with that CS harbours strong sulfhydryl reactivity (45-48), there is much speculation about its source. For example, Fenner and smoke-bubbled PBS and okadaic acid (9,10) may be based on the unspecific or specific inactivation of PP1/2A by these Braven (45) hypothesized that the sulfhydryl reactivity of CS is mainly attributable to acetaldehyde, whereas Leuchtenberger compounds. Further experiments are needed to investigate this hypothesis. et al. (48) showed a positive correlation between the sulfhydryl reactivity and the NO content of the gas phase of CS.
The present in vitro investigations suggest that peroxynitrite is formed in aqueous CS extracts. However, the role of In the present paper, we provide evidence that the altered gene expression in smoke-bubbled PBS-treated cells is related peroxynitrite in CS inhalation remains to be investigated. Several effects of CS inhalation have been recently discussed to peroxynitrite, resulting from dissolved NO and the formation of superoxide (15) . Both of these compounds have been shown in published literature which may be interpreted as an indication of peroxynitrite involvement. For instance, the NO-mediated to be present in fresh aqueous CS-containing solutions (16) and, as previously discussed by Pryor and coworkers (49) 
